Gli1 functions as an activator but simply enhances the
Results role of Gli2 (Bai et al., 2002 (Bai et al., , 2004 Park et al., 2000) .
Spatial and Temporal Fate Mapping of Cells Many studies have demonstrated that Gli1, unlike ci
Responding to Positive Hh Signaling or Gli2, is a direct transcriptional target of Hh signaling.
We generated Gli1-CreER T2 mice that express an inducFirst, the promoter region of Gli1 contains Gli binding ible Cre recombinase (CreER
T2
) from the Gli1 locus to sites that are critical for its expression (Dai et al., 1999) . by the time Gli1 expression began in the forelimb bud First, we show that all posterior limb mesenchyme cells at E9.75 (Figure 2A ). This ensures the fine temporal conas well as the ectoderm respond to Shh from the ZPA trol of marking Hh-responding cells in our genetic fateand become the bone, muscle, and skin of the posterior mapping experiments. Gli1-derived cells that were limb. Second, we demonstrate that the readout of Shh marked at subsequent stages of limb development reactivator function integrated over time and space does flected the temporal sequence of Hh-positive signaling not display a stable and linear gradient along the A-P within the developing limb bud. As expected, TM injecaxis, as in a classical morphogen view. Although there tion at E9.5 and E10.5 marked cells responding to ZPAis a posterior high to anterior low gradient of activator derived Shh-positive signaling ( Figures 2B and 2C ), at E10, by E11 there is a dramatic reduction in Shh whereas the injection of TM at E11.5 marked cells in responsiveness in terms of Gli activators in the most the mesenchymal condensation sites in response to Ihh posterior cells that express Shh. Thus, a continuous signaling ( Figure 2D ). high level of Shh-positive signaling cannot specify digit 5. In addition, while there is extensive anterior expansion Shh in the ZPA Signals to All Limb Tissues of posterior limb bud cells away from the ZPA, the anteand Initially Forms a Posterior Gradient rior limit of Shh-positive signaling remains in digit 2.
In order to identify and follow the first cells responding Thus, cells do not move out of range of Shh. Finally, to positive Shh signaling from the ZPA, TM was given by fate mapping Shh-responding cells in Gli2 and Gli3 at 9 a.m. or 5 p.m. on E9.5, and Gli1-CreER
; R26R mutant limbs, we demonstrate that a specific level of embryos were analyzed over time. TM treatment at 9 positive Hh signaling is not required to specify digit idena.m. on E9.5 marked the earliest Shh-responding cells in a small domain in the posterior forelimb bud at E10.5 tities. (n ϭ 5; data not shown). TM treatment at 5 p.m. on E9.5 restricted manner ( Figures 3E and 3F, arrows) . Furthermore, labeling was detected only near the posterior resulted in marking of a slightly larger group of cells making up one-third of the posterior forelimb at E10.5 mesenchymal condensation that will form the ulna, with no staining in the anterior region that will become the (n ϭ 6) ( Figure 3A) , recapitulating the endogenous Gli1 expression pattern ( Figures 3B and 3C and data not radius ( Figure 3F ). At E16.5, Gli1-derived cells marked with TM at 5 p.m. shown).
By E12.5, Gli1-derived cells in Gli1-CreER
; R26R emon E9.5 remained posteriorly restricted as at E12.5 (n ϭ 10). Analysis of both sagittal ( Figures 3G-3J ) and transbryos treated with TM at 5 p.m. on E9.5 (n ϭ 5, in wholemount) had expanded significantly anterior to populate verse ( Figure 3G ) sections showed that the proportion of Gli1-derived cells was highest in digit 5 in the autopod. all but the digit 1 primordium. Significantly, the marking was in a graded pattern, with the most extensive labeling Labeling in digits 3 and 4 was reduced compared to that in digit 5. In contrast, digit 2 contained few Gli1-in the most posterior region (digit 5 primordium), with little labeling in the digit 2 primordium (Figures 2B and derived cells, and digit 1 contained no Gli1-derived cells in all the limbs analyzed. In the zeugopod, labeled cells 3E). Interestingly, sagittal (n ϭ 7) and transverse (n ϭ 2) section analysis showed that Gli1-derived cells were in were found in the ulna but not in the radius ( Figure 3H ). Interestingly, Gli1-derived cells were also found in the the ectoderm, in addition to mesoderm in a posterior- 5A and 5B) . Due to the sively labeled, while the radius had very few labeled cells ( Figure 5C ). Other mesoderm-and ectoderm-derived decreased Shh responsiveness in the most posterior region at ‫ف‬E11, the extent of cumulative labeling in digit structures showed a posterior restriction in labeling in the autopod and zeugopod. In the stylopod region, as 5 was only slightly greater than in digit 4. Digits 3 and 2 had progressively less labeling, and digit 1 had only expected, the humerus and scapula were not labeled, but the muscle and skin surrounding the humerus were a few labeled cells. More proximally, the ulna was exten- ; R26R embryos showed a signifiSince loss of Shh or Gli3 but not Gli2 results in phenocant overall reduction in the number of marked cells typic consequences on limb patterning, we assessed throughout the forelimb (n ϭ 4; Figure 5D ), compared the fate of Hh-responding cells in the forelimbs of Gli2 Ϫ/Ϫ to wild-type littermates ( Figure 5A ). Significantly, in conversus Gli3 Ϫ/Ϫ mutants. We first examined the strength trast to normal embryos, the most posterior domain of Shh-positive signaling in the two Gli mutants using (digit 5 primordium) had only a few labeled cells at E12.5 Gli1-lacZ expression as a readout (insets, Figures 5A,  (arrowheads, Figure 5D ). Nevertheless, the Gli1-derived 5D, and 5G; Bai et al., 2004). Gli1-lacZ expression was cells expanded anteriorly to the digit 2 primordium, as markedly reduced in E10.5 Gli2 Ϫ/Ϫ forelimb buds, espein wild-type embryos (arrows, Figure 5D ). Analysis at cially in the most posterior region where Gli3 is not E16.5 showed that, in Gli2 Ϫ/Ϫ mutant mice (n ϭ 3), only expressed (inset, Figure 5D ), indicating that Gli3 can a small number of cells in digits 3 and 4 respond to function as a weak activator in the limb. In Gli3 Ϫ/Ϫ mupositive Shh signaling from the ZPA and even less in tants, Gli1-lacZ expression was confined to a smaller digits 2 and 5 ( Figure 5E ). In the zeugopod region, the posterior domain (inset, Figure 5G ), indicating that Gli2, labeling was confined to the ulna and surrounding periwhich is more posteriorly expressed than Gli3, mediates the remaining positive Shh signaling in Gli3 Ϫ/Ϫ embryos. chondrium and muscle ( Figure 5F ). More proximal skele- 
Figure 6. Summary Schematic Showing Fate of Cells Responding to ZPA Shh Signaling during E10-E12

Digit identity does not correlate with positive Shh signaling, as indicated in the right. Along the A-P axis, Gli3 forms an opposing gradient of repressor (R) to Shh-positive signaling through Gli2 and Gli3 activators (A). "a" indicates a weak level of Gli activator. In wt embryos, there is a decrease in
tal elements in Gli2
Ϫ/Ϫ mutant embryos did not have any in the anterior handplate (n ϭ 3; Figure 5G ). This ectopic domain of Gli1-derived cells was not observed when Gli1-derived cells, although the muscle was marked as in the wild-type embryos ( Figure 5F and data not shown).
TM was given at 5 p.m. on E9.5 (data not shown), demonstrating that the anterior cells respond to the ectopic Interestingly, labeling was found only in the mesodermal component of skin, the dermis, and not the ectoderm domain of Shh, which is first seen at E11.5 in Gli3 Ϫ/Ϫ
mutants (Masuya et al., 1995). The cumulative fate map in the posterior limb of Gli2
Ϫ/Ϫ mutants. These studies using Gli2
Ϫ/Ϫ mutants demonstrate that, in the absence in E16.5 Gli3 Ϫ/Ϫ ; Gli1-CreER T2 ; R26R embryos showed a similar level of labeling in the posterior four digits and of a graded A-P response to positive Hh signaling, the digits can be patterned normally. We therefore tested the anterior two digits, and the overall level was lower than in wild-type embryos (n ϭ 4; Figure 5H and data whether a gradient of Gli3 repressor (Gli3R) is maintained in Gli2 Ϫ/Ϫ mutants by performing Western blot not shown). The intermediate two digits had only a few labeled cells. In contrast, labeling in the zeugopod reanalysis of anterior versus posterior forelimb buds from E11.5 embryos. The relative amount of Gli3R was region was similar to wild-type embryos: the ulna and surrounding muscles and skin but not the radius had duced by a similar amount in posterior forelimb buds compared to anterior in both Gli2 Ϫ/Ϫ mutant and wildextensive labeling. In the stylopod region, labeled cells were also found in the muscle and skin surrounding type embryos ( Figure 5J) .
The fact that Gli3 Ϫ/Ϫ mutants have a polydactyly phethe humerus but not within the bone ( Figure 5I ). These results demonstrate that, while Shh-positive signaling notype similar to Shh Ϫ/Ϫ ; Gli3 Ϫ/Ϫ mutants has raised the question of whether Gli activators play a role in digit is restricted to the posterior limb in more proximal regions, it reaches most of the enlarged polydactylous patterning. Interestingly, Gli3 Ϫ/Ϫ mutants appear to have some duplicated digit 5s (see Supplemental Figure S1 autopod of Gli3 Ϫ/Ϫ mutants at some point between E9.5 and E12 but not in a graded manner. In our study, we determined whether the anterior limit Moreover, our study shows that the ectoderm of the of limb precursors that responds to positive Shh signalskin is also derived from Shh-responding cells in a posing is static. Surprisingly, the fate of cells at the anterior terior-restricted manner. We further demonstrate that, in limit of Shh-positive signaling marked from E10 to E12 the ectoderm but not in the mesoderm-derived tissues, remains constant, and these cells always become digit only the Gli2 activator but not Gli3 is required to relay 2. Our studies, therefore, demonstrate that the expanpositive Hh signaling. In this respect, it is interesting to sion of the Shh protein gradient does not involve signalnote that, in Shh Ϫ/Ϫ mutants, the proximal bone elements ing to new cells at later times but instead is in register of the limb (the humerus/femur) do not protrude from with growth of the limb. Since the activity of inducible the body wall. It was suggested that this is due to a Cre recombinase is less than that of constitutive Cre, reduction in the proliferation of surface ectoderm and we only observe a small percentage of digit 2 being underlying superficial mesenchyme needed to achieve labeled with a single dose of TM. However, by adminisskin outgrowth (Kraus et al., 2001) . Our study provides tering three doses of TM, our cumulative fate mapping the first direct evidence that ZPA-derived Shh could play revealed many more cells marked in digit 2. Another a critical role in patterning and/or outgrowth not only of factor to consider is that the threshold level of Hh signalthe skeletal elements of the limb but also of the skin ing required to turn on Gli1 transcription via Gli2/3 actiand muscle.
vators is likely higher than the level required to inhibit Studies of Shh Ϫ/Ϫ mutants demonstrated that developprocessing of Gli3 into a repressor (Gli3R). It is therefore ment of the more proximal stylopod elements do not possible that some Gli1-negative cells in the digit 2 pridepend on Shh signaling from the ZPA ( whereabouts of a morphogen: direct evidence for short-and graded long-range activity of hedgehog signaling peptides. Dev. Biol.
